Uranium is ubiquitously found in drinking water and food. The gastrointestinal tract absorption fraction ( f 1 ) is an important parameter in risk assessment of uranium burdens from ingestion. Although absorption of uranium from ingestion has been studied extensively in the past, human data concerning children and adults are still limited. In a previous study based on measurements of uranium concentration in 73 bone-ash samples collected by Health Canada, the absorption fractions for uranium ingestion were determined to be 0.093 + + + + + 0.113 for infants, and 0.050 + + + + + 0.032 for young children ranging from 1 to 7 y of age. To extend the study, a total of 69 bone-ash samples were selected for children and adults ranging from 7 to 25 y of age and residing in the same Canadian community that is known to have an elevated level of uranium in its drinking water supply. For each bone-ash sample, the total uranium concentration was measured by inductively coupled plasma mass spectrometry. To solve uranium transfer in the biokinetic model for uranium given in International Commission of Radiological Protection (ICRP) Publication 69 with estimated daily uranium intake, the program WinSAAM v3.0.1 was used. The absorption fractions were determined to be 0.030 + + + + + 0.022 for children (7-18 y) and 0.021 + + + + + 0.015 for adults (18-25 y). For anyone more than 18 y of age, the estimated f 1 value for uranium agree well with the ICRP recommended value of 0.02.
INTRODUCTION
Uranium is a naturally occurring element, which is both radiologically and chemically toxic. It is ubiquitously found in drinking water and food. The absorption fraction ( f 1 ) is an important parameter in the risk assessment of uranium burdens from ingestion. Absorption of uranium from the gastrointestinal tract (GI) has been studied extensively in the past (1 -7) . However, human data concerning children and adults are still limited. Previous studies conducted at Health Canada (4, 5) showed an f 1 value of 0.009 for gastrointestinal absorption of uranium in humans more than 13 y of age. Based on the measurements of uranium concentration in 73 boneash samples (6) , f 1 values of 0.093 for infants and 0.050 for young children aged 1-7 y were derived.
For risk assessments due to uranium ingestion, the International Commission of Radiological Protection (ICRP) recommended the f 1 value of 0.04 for infants and 0.02 for anyone more than 1 y of age (8) . This recommendation was based on animal studies and limited human studies in adults. The purpose of this study is to determine the f 1 values for chronic intake of uranium for children and adults in a wider range of age.
SELECTION OF BONE-ASH SAMPLES
Human bone samples were collected by Health Canada between 1957 and 1980 as part of a program to monitor strontium-90 fallout from nuclear weapon testing. The samples were taken from autopsies performed at various hospitals across Canada. Once the samples had been analysed for strontium-90, the ash residues were archived for future studies. These samples are particularly useful in studying heavy metals such as uranium, which tend to concentrate in bone.
In order to determine uranium absorption fractions, samples were selected from residential areas where the uranium concentrations in drinking water were known during the period of exposure. A total of 69 bone-ash samples were selected for children and adults ranging in age from 7 to 25 y and residing in the same Canadian community as in the previous study (6) , where it was known to have an elevated level of uranium in its drinking water supply.
ESTIMATE OF URANIUM INTAKES
Uranium exists in the environment. The uranium concentration in human bone is a result of chronic exposures to the uranium in air, drinking water and food. Uranium concentration in air is normally very low and negligible compared with that in drinking water and food (9) . Therefore, uranium intake by inhalation is not considered in this study.
Uranium in food and drinking water contributes to daily intake by ingestion. While uranium in drinking water varies significantly across Canada, intake from food is assumed to be consistent to the population due to the global food supply. Dietary intake of uranium was estimated from data of total diet study (4, 5) (10) , the uranium intake from food was adjusted for each age group as, shown in Table 1 .
Uranium in drinking water is another source of intake. The uranium concentrations in drinking water were based on Health Canada monitoring data and historical records of the community water supply. The uranium concentration in the community water supply averaged from 1975 to 1986 was 6.1 mg l
21
. This average concentration was applied to the community water supply between 1955 and 1974 when monitoring data were not yet available. Uranium concentration in the well water could be much higher than that from public water supply. The analysis of uranium in ground waters of 287 wells sampled in south-eastern Manitoba (11) has found that the mean and median levels of natural uranium were 58 and 10 mg l 21 , respectively. The mean level of uranium, 58 mg l 21 was applied to all well water in this study. It should be noticed that uranium concentration in well water can vary widely within a community. Before 1955, all residents in this community relied on well water. With the construction of public surface water supply system, percentage of homes on private well water was reduced to 30 % by 1975. For samples in the period before the community public water supply was built, well water was applied in the calculation of uranium intake from drinking water. During the years when certain percentage of homes changed from well water to public water supply, the corresponding percentage of samples with lower uranium concentration in bone-ash was assumed to use community public water supply as their source of drinking water, and the rest were assumed to continue replying on well water.
According to a statistical survey for Canadians (12) , daily water consumptions for children and adults of different age groups were estimated, as shown in Table 1 . The uranium intake from drinking water was assessed for each individual based on the daily water consumption and the uranium concentration in the water during the time that the individual was exposed. For each individual, the daily uranium intake was the sum of intakes from food and drinking water.
ESTIMATE OF URANIUM BURDENS AT BIRTH
Uranium taken up by a mother can be transferred to the unborn baby. At birth, there will be an initial skeletal burden of uranium depending on the mother's intake. In the previous study (6) , this initial value was determined from the average value of uranium concentrations in bone samples taken from 24 stillbirths to be 0.27 + 0.46 mg uranium for every microgram of uranium ingested daily by the mother.
At birth, the initial burden of uranium exists not only in skeleton but also in other tissues or organs, i.e. other compartments in the biokinetic model of uranium (13) . For each sample, the initial skeleton burden was determined first. Initial values of uranium in other compartments were determined by the corresponding ratios to the total skeleton burden. The ratios of uranium in various compartments to uranium in skeleton were determined by the results of constant unit intake for a year with the uranium biokinetic model of infants.
DETERMINATION OF F 1 VALUES

Methods
The analysis is based on measurements of uranium concentration in bone-ash samples. All bone-ash samples were analysed for total uranium by inductively coupled plasma mass spectrometry (ICP/MS). The analytical method of ICP/MS was described in detail previously (14) . Based on estimated daily uranium intakes for individual during his/her lifetime, total uranium in bone at death were calculated with the program WinSAAM v3.0.1 developed by the National Institute of Health USA (15) for biological systems. The WinSAAM program allows the study of uranium retention within each compartment and its transfer between compartments. Once absorbed into blood, the systemic transport of uranium is described by the biokinetic model given in ICRP Publication 69 (13) . This model has 17 compartments and includes recycling from organs or tissues back to blood. Based on this model, the uranium burden in bone or skeleton is the sum of uranium in six compartments: non-exchangeable and exchangeable cortical volume, cortical surface, non-exchangeable and exchangeable trabecular volume, and trabecular surface. For different age groups, different parameters should be used with the ICRP biokinetic model (13) . Those model parameters were changed For each individual, the calculation began with estimated initial uranium amounts in various compartments at birth based on the mother's daily uranium intake during the year of pregnancy. With estimated daily uranium intake in different age ranges, uranium retention in and transfer between different compartments were calculated starting from the age range of 0 -12 months, then 1 -2 y, 2 -7 y and so on. For the first age range (0-12 months), calculations were performed with f 1 ¼ 0.093 (6) . Uranium values in various compartments at the end of the 12th month were used as the initial uranium values in the model of the second age range (1-2 y) where calculations were performed with f 1 ¼ 0.050 (6) . Uranium values in different compartments at the end of the second year were used as the initial values in the model of the third age range (2 -7 y) where calculations were performed again with f 1 ¼ 0.050 (6) . In this study, f 1 values were determined for individuals more than 7 y of age.
For each selected sample in the age range from 7 to 12 y, the f 1 value was estimated as the ratio of the measured uranium concentration in bone to the calculated uranium concentration in bone.
where C m is the measured uranium concentration in bone-ash, and C u the calculated uranium concentration based on the estimated daily intake assuming complete absorption through a continuous injection intake. The f 1 value determined for the age range of 7 -12 y was used in the calculations for individuals in the age range of 12 -25 y. The corresponding f 1 value was again estimated as the ratio of the measured uranium concentration in bone to the calculated uranium concentration in bone, as given in Equation (1).
RESULTS
The age group of 7-12 y contains a total of 16 samples. Estimated f 1 values together with the estimated uranium concentrations in bone at birth and at death, and results of ICP/MS measurements were given in Table 2 . For children between 7 and 12 y of age, the estimated f 1 value is 0.030 + 0.022.
For individuals more than 12 y of age, f 1 values for the preceding three age ranges were incorporated (0.093 for 0-12 months, 0.050 for 1-7 y and 0.030 for 7-12 y). Uranium distribution in various compartments at the end of 11 y was used as the initial distribution in the uranium biokinetic model with parameters for the age group of 15 y. As mentioned in the ICRP Publication 69 (13) , model parameters of uranium for the age group of 15 y are applicable up to the age of 25, i.e. cover a period of 13 y. The 43 samples between the age of 12 and 25 were divided into two groups; the first group contains 18 samples for the first 6 y (12-18 y) and the rest of 35 samples in another group. Results for the youth group (12-18 y) are given in Table 3 . The estimated f 1 value is 0.030 + 0.023, the same as the children between 7 and 12 y. Results for the adult group (18 -25 y) are given in Table 4 . The estimated f 1 value is 0.021 + 0.015, which agrees well with the ICRP recommended value of 0.02 for adults.
CONCLUSION
The ICRP recommended f 1 values are 0.04 for infants and 0.02 for anyone .1 y of age (13) . The analysis of 73 bone-ash samples in a previous publication (6) estimated absorption fractions of 0.093 + 0.113 for infants, and 0.050 + 0.032 for young children of 1-7 y of age. The estimated uranium GI absorption fractions for the first 7 y are about a factor of 2 higher than the values recommended by the ICRP.
To extend the study, a total of 69 bone-ash samples were selected for children and adults ranging in age from 7 to 25 y and residing in the same Canadian community that is known to have an elevated level of uranium in its drinking water supply. A summary of this study and the previous investigation (6) is provided in Table 5 . The absorption fractions were estimated to be 0.030 + 0.022 for children and youths in the age range from 7 to 18 y, and 0.021 + 0.015 for adults 18 -25 y of age. For anyone more than 18 y of age, the estimated f 1 value for uranium agrees well with the ICRP recommended value of 0.02. 
